We describe the isolation of a molluscan (Lymnaea stagnalis) full-length complementary DNA that encodes a mature polypeptide (which we have named Lym-eGluR2) with a predicted molecular weight of 10.5 kDa that exhibits 44-48% identity to the mammalian kainate-selective glutamate receptor GluR5, GIuR6, and GluR7 subunits.
We describe the isolation of a molluscan (Lymnaea stagnalis) full-length complementary DNA that encodes a mature polypeptide (which we have named Lym-eGluR2) with a predicted molecular weight of 10.5 kDa that exhibits 44-48% identity to the mammalian kainate-selective glutamate receptor GluR5, GIuR6, and GluR7 subunits.
Injection of in vitrotranscribed RNA from this clone into Xenopus laevis oocytes results in the robust expression of homo-oligomeric cation channels that can be gated by L-glutamate (E& = 1.2 2 0.3 PM) and several other glutamate receptor agonists; rank order of potency: glutamate B kainate > ibotenate > AMPA. These currents can be blocked by the mammalian non-NMDA receptor antagonists 6,7-dinitroquinoxaline-2,3-dione, 6-cyano-7-nitroquinoxaline-2,3-dione, and 1-(4-chlorobenzoyl)piperazine-2,3-dicarboxylic acid. Ionic-replacement experiments have
shown that the agonist-induced current is carried entirely by sodium and potassium ions. In situ hybridization has revealed that the Lym-eGluR2 transcript is present in all 11 ganglia of the Lymnaea CNS, including the 4-cluster motorneurons within the paired buccal ganglia. The pharmacological properties and deduced location of Lym-eGluR2 are entirely consistent with it being (a component 09 the receptor, which has been identified previously on buccal motorneurons, that mediates the excitatory effects of glutamate released from neurons within the feeding central pattern generator.
Key words: buccal ganglion; complementary DNA cloning; feeding behavior; in situ hybridization; ion channel; ionotropic glutamate receptor; kainate receptor; mollusc (Lymnaea stagnalis); Xenopus oocyte expression; 4-cluster motorneurons Glutamate is an excitatory neurotransmitter that is present in both vertebrate and invertebrate nervous systems. In the mammalian CNS, this molecule mediates its depolarizing effects by binding to ionotropic glutamate receptors (GluRs) and promoting the influx of cations into the postsynaptic cell. In recent years, molecular biological studies have revealed a plethora of GluR subunits within the mammalian brain, and these have been distinguished pharmacologically based on their agonist selectivity. To date, four AMPA-selective subunits (GluRl-GluR4) (Hollmann et al., 1989; Keinanen et al., 1990; Nakanishi et al., 1990; Sakimura et al., 1990) , five kainate-selective subunits (GluRS-GluR7 and KA-1 and KA-2) (Bettler et al., 1990 (Bettler et al., , 1992 Egebjerg et al., 1991; Werner et al., 1991; Herb et al., 1992; Lomeli et al., 1992; Morita et al., 1992; Sakimura et al., 1992) , five NMDA-selective subunits (NRl and NR2A-NR2D) (Moriyoshi et al., 1991; Ikeda et al., 1992; Kutsuwada et al., 1992; Meguro et al., 1992; Monyer et al., 1992) , and three GluR-like polypeptides of unknown function (61, 62 , and x-1, which is also called NMDAR-L) (Yamazaki et al., 1992; Lomeli et al., 1993; Ciabarra et al., 1995; Sucher et al., 1995) have been identified. This pharmacological classification reflects the extent of sequence similarity seen between polypeptides, i.e., any two subunits having the same agonist preference will display greater sequence identity than any two subunits having different agonist selectivity.
In contrast to the situation for vertebrate GluRs, very little has been published on the structures and functions of the corresponding invertebrate channels. Three sequences have been described for GluR-like polypeptides of Drosophila melanogaster; one of these (DGluR-I) (Ultsch et al., 1992) most closely resembles mammalian AMPA-selective subunits; the second (DGluR-II) (Schuster et al., 1991) is only weakly related to vertebrate ionotropic GluR sequences; and the third (DNMDAR-I) (Ultsch et al., 1993) exhibits greatest identity to the mammalian NRl subunit. In addition, an AMPA receptorlike sequence has been reported for the fresh-water mollusc Lymnaea stagnalis (Hutton et al., 1991) . However, when expressed in Xenopus laevis oocytes, these polypeptides either do not form functional ion channels (Hutton et al., 1991; Schuster et al., 1991; Ultsch et al., 1992 Ultsch et al., , 1993 or do so only very inefficiently (Ultsch et al., 1992) .
We have performed a detailed molecular analysis of molluscan glutamate-gated ion channels to investigate the relationship(s) Stiihmer et al. l Characterization of a Molluscan Glutamate Fieceotor between specific receptors and well characterized patterns of behavior in which glutamate is known to play a role (Quinlan and Murphy, 1991; Dale and Kandel, 1993; Quinlan et al., 1995) . Here we report on the functional properties and location of an ionotropic GluR polypeptide from Lymnaea that displays greatest sequence similarity to the mammalian GluRS, GluR6, and GluR7 subunits. Taken together, our data strongly implicate the molluscan polypeptide in the motorneuron control of buccal muscle movement during feeding.
MATERIALS AND METHODS

Isolation
of a full-length Lym-eGluR2 complementary DNA.
A partial complementary DNA (cDNA) was obtained using the PCR and the following degenerate oligonucleotide primers:
(where X = G, A, T, and C), which is based on the DNA sequences that encode a region amino-terminal of the first putative membrane-spanning domain, TMI, (I/L)(A/E/S/T)IV(G/P/S)DGKYG (single-letter amino-acid code), and 5'-GCCGGTACC(AIG/T)ATXA(~G)XGT(A/G)AA(A/G)AACCACCA-3', which is based on the DNA sequences that encode part of the second putative membrane-spanning domain (TM3) (Keininen et al., 1990; Hollmann et al., 1994) Library filters were washed in 0.1X SSC, 0.1% (w/v) SDS at 65°C for 2 X 15 min. Two positive plaques were identified and purified. These were found to contain identical inserts of -4.5 kb but, nevertheless, lacked sequences encoding the amino-terminal 230 amino acids.
The missing 5' sequence was obtained using the rapid amplification of cDNA ends (RACE) (Frohman and Martin, 1989) , essentially as described previously (Harvey et al., 1991) , using random-nonamer primed Lymnueu CNS first-strand cDNA as template. The first-stage PCR used the transcript-specific primer 21.2: 5'-CGTAATTGTGACGAA-AATCITCCATGTCTA-3' in combination with R, RidT,, and R,, (Harvey et al., 1991) . Amplification was for 3 cycles of 94°C for 1 min, 42°C for 1 min, and 72°C for 1 min, followed by 38 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min. The second-stage PCR, which contained the transcript-specific primer 21.1: 5'-GATTCTAGATCTAAATGAGTAA-CGATGTAA-3' and R, (Harvey et al., 1991) , was for 38 cycles of 94°C for 1 min, 57°C for 1 min, and 72°C for 1 min. This yielded a product of -450 bp. The remaining 5' sequence was obtained by a second RACE step in which primer 21.1 was used in the first-stage PCR with R,,R;dT,, and R,,, and primer 21.4: 5'-TAGGGTACCAGGTCGGTGTAGGCCCGG-CCC-3' was used with R, in the second-stage PCR. For the first-stage PCR, amplification was for 3 cycles of 94°C for 1 min, 42°C for 1 min, and 72°C for 3 min, followed by 37 cycles of 94°C for 1 min, 58°C for 1 min, and 72°C for 2 min. A sodium-and potassium-free solution was made by iso-osmotically substituting N-methyl-D-glucamine for NaCl and KCI, and adjusting the pH to 7.2 with HCI. To study permeation of calcium ions, the NaCl concentration of the Ringer's was maintained at 1 I5 mM, and the CaCI, concentration was either lowered to 0.185 mM (low calcium solution) or raised to 10 mM (high calcium solution). Data were analyzed using pClamp 5.1 (Axon Instruments, Foster City, CA) and SigmaPlot 4.1 (Jandel Scientific, Erkrath, Germany) software. Concentration-response curves were fitted to the nonlinear Hill equation: I = l/(1 + (EC,&)"", where I is the measured amplitude of the evoked current, x is the effector concentration, EC,,, is the effector concentration causing the half-maximal response, and nH is the Hill number.
Acetylcholine
acid, picrotoxin, and taurine were purchased from Sigma. 
RESULTS
Structure of Lym-eGluR2
Degenerate PCR, using primers designed on the basis of conserved amino acid sequences amino-terminal of the first (TMl) and within the second (TM3) (Keinanen et al., 1990; Hollmann et al., 1994) presumed membrane-spanning domain of mammalian GluRl-GluR4 subunits, resulted in the amplification of four different types of Lymnaea cDNA. All of these encode GluR-like polypeptides (provisionally named clone #2, #13, #19, and #21) (Darlison et al., 1994) and these are distinct from the previously described Lymnaea GluR sequence (Hutton et al., 1991) . A fulllength clone encoding one of these (clone #21) has now been obtained using a combination of conventional cDNA library screening and 5' RACE. This cDNA contains an open reading frame that specifies a protein of 953 amino acids (Fig. l) , the first 24 of which have the properties of a signal peptide (von Heijne, 1986) . The mature polypeptide is predicted to have a molecular weight of 105 kDa, and exhibits all of the features of mammalian glutamate-gated cation-channel subunits, including a long amino-terminal presumed extracellular domain, three putative membrane-spanning domains (TMl, TM3, and TM4), an assumed membrane-associated segment (TM2) (Hollmann et al., 1994 ) and a carboxyl terminus that is thought to be intracellular. In addition, it displays strong sequence identity to mammalian non-NMDA GluR subunits: 38-39% to GluRl-GluR4,44-48%
to GluRS-GluR7, and 37% to KA-1 and KA-2. The molluscan polypeptide is less related in sequence to the 61 and 62 subunits (30 and 28% identity, respectively), to x-1 (23% identity), to NRl (25% identity), and to NR2A-NR2D (22-24% identity). It also exhibits 37, 35, 32, and 27% identity, respectively, to the original Lymnaea GluR polypeptide and the Drosophila DGluR-I, DGluR-II, and DNMDAR-I subunits. Surprisingly, the new Lymnaea sequence displays 37-40% identity to the avian, amphibian, and piscine kainate-binding proteins (Gregor et al., 1989; Wada et al., 1989; Kimura et al., 1993; Wo and Oswald, 1994) , which do not form functional ion channels and which are considerably smaller in size (i.e., -50 kDa) than ionotropic GluRs. We have named the Lymnaea polypeptide, which we describe here, Lym-eGluR2; the letter "e" stands for excitatory. Inhibitory ionotropic GluRs, also known to exist in molluscs (Yarowsky and Carpenter, 1976; Kehoe, 1978; Ikemoto and Akaike, 1988 ) when identified at the molecular level will be given the prefix "i." The originally described Lymnaea GluR polypeptide (Hutton et al., 1991) , which has been named LymGluR by others (Hollmann and Heinemann, 1994) will henceforth be known as Lym-eGluR1.
As with mammalian ionotropic GluR subunits, the LymeGluR2 polypeptide is predicted to be glycosylated. Six consensus sites for N-linked sugar attachment are located in the aminoterminal presumed extracellular domain. Three of these (N242, N380, and N395; Fig. 1 ) are found at the equivalent positions in GluR5, GluR6, and GluR7; one site (N395) is conserved in all non-NMDA GluR sequences. The Lymnaea sequence also has five consensus motifs for phosphorylation by protein kinase C and one for multifunctional calmodulin-dependent protein kinase type II (Woodgett et al., 1986; Kemp and Pearson, 1990) (Fig. 1) in regions of the polypeptide that are predicted to be intracellular (i.e., either between TM1 and TM2 or TM2 and TM3, or in the carboxyl-terminal segment after TM4).
Ionic properties of homo-oligomeric Lym-eGluR2 channels Injection ofxenopus oocytes with in vitro-transcribed RNA for the Lymnaea polypeptide resulted in the appearance of functional glutamate-gated ion channels in the cell membrane. Large inward currents (at a holding potential of -60 mV) could be reliably and readily detected; for example, 1 PM L-glutamate elicited responses, with an average amplitude of -200 nA (n -100 oocytes) 2 d postinjection, that reached -1.5 PA after 5-7 d. The glutamate-evoked currents (I,,,,) were dose-dependent ( Fig. U ) and had a fast time course of both onset and offset. There was no evidence under our experimental conditions of desensitization, i.e., no significant reduction in current was observed upon agonist application for a period of up to 3 min (data not shown). No responses were evoked by the nonglutamatergic compounds acetylcholine, GABA, glycine, and taurine in oocytes that did respond to glutamate. Control oocytes, which were injected instead with deionized water, did not respond to glutamate (tested at up to 1 rnM).
The current-voltage (Z/v> relationship of the expressed channels for glutamate-induced responses showed a pronounced voltage dependence (Fig. 2B) . Between -120 mV and approximately -60 mV, the Z/V curve was linear; however, at more positive voltages, it exhibited strong inward rectification.
No outward currents were observed at positive membrane potentials. Because it is impossible to determine the reversal potential from this type of curve, we determined the null potential for ZGlu, i.e., the May 1, 1996, 76(9) Note that serine residue 593, which is a target for phosphorylation by multifunctional calmodulin-dependent protein kinase type II, is also part of a recognition sequence for protein kinase C. The mature sequences of the rat GluR5, GluR6, and GluR7 subunits have been taken from Bettler et al. (1992) . The sequence of the cDNA, from which the sequence of the Lym-eGluR2 polypeptide was deduced, has been given the EMBL accession number X87404. potential at which zero current was observed for the first time; this was -11.0 +-4.5 mV.
To elucidate the nature of the ions responsible for the current flow through the glutamate-gated channels, we examined the effect of altering the ionic gradient for specific ions on the I/V relationship. When sodium ions in the Ringer's were replaced by N-methyl-o-glucamine, the null potential for ZGIU shifted in the hyperpolarizing direction (Fig. 3A) and the amplitude of the current was dramatically reduced (Fig. 3B) , showing that sodium ions participate in the agonist-induced current. At concentrations between 10 and 115 mM, the null potential was linearly related to the log of the extracellular sodium ion concentration (Fig. 3A) ; the slope of this relationship was 34 mV per lo-fold change in sodium ion concentration. This value is smaller than that expected from the Nernst equation, which predicts 58 mV per lo-fold change if only sodium ions are permeable. Thus, some other ion(s) must also penetrate the channel. This notion is supported by the observation that the null potential deviates from the linear relationship at sodium ion concentrations close to 1 mM (Fig. 3A) , where the contribution of other ions such as potassium would be more prominent. When the extracellular potassium ion concentration was increased from 2.5 to 10 mM, in the presence of sodium ions, the null potential shifted in the depolarizing direction by -10 mV (data not shown). Replacement of both sodium and potassium ions by N-methyl-o-glucamine completely eliminated the response to glutamate (Fig. 3B) . To confirm that ZGIU was carried by only sodium and potassium ions and that there was no significant contribution by calcium ions, which might also activate endogenous oocyte calcium-dependent chloride channels (Dascal, 1987) , we examined the effect of niflumic acid and flufenamic acid (Vernino et al., 1992) . Incubation of oocytes with these two chloride-channel blockers (both at 400 PM) for 15 min had no effect on either the size or shape of glutamateinduced currents (data not shown). In addition, either reducing (to 0.185 mM) or increasing (to 10 mM) the external calcium ion concentration had no effect on either the amplitude or voltagedependence of I,,, or the null potential (Fig. 3C,D) .
Agonist selectivity of homo-oligomeric Lym-eGluR2 channels The EC,,, for channel activation by L-glutamate was 1.2 1-0.3 PM (n = 10 oocytes; Fig. U) , and the Hill number was 2.1 ? 0.4, indicating that more than one agonist molecule is required for channel opening. Several other glutamatergic ligands were tested for their ability to evoke currents, and kainate, ibotetiate, and AMPA were found to be powerful agonists (Fig. U,B) . Note that control oocytes did not respond to any of these compounds (each tested at up to 1 mM). The rank order of potency of the operant agonists was: glutamate >> kainate > ibotenate > AMPA. The EC,,, values for kainate, ibotenate, and AMPA were 22.3 2 9.0 PM (n = 10 oocytes), 37.4 t 10.0 PM (n = 8), and 67.2 ? 10.3 PM (n = lo), respectively. As with glutamate, no significant reduction in current was observed upon the application of any of these agonists for a period of up to 3 min (data not shown), although the response evoked by kainate appeared to exhibit a slightly slower onset than those elicited by the other agonists (Fig. 4B) .
GDEE, a drug that has been reported to inhibit native vertebrate quisqualate receptors (Foster and Fagg, 1984) and to act as a weak agonist at the rodent homo-oligomeric GluRl receptor (Hollmann et al., 1989; Sakimura et al., 1990 ), appeared to act as an agonist at the molluscan receptor (data not shown) having an EC,,, of 64.0 2 7.4 PM (n = 4 oocytes). However, because the main breakdown product of GDEE is glutamate, the activation seen may be a consequence of low-level (l-2%) contamination by the latter. Other glutamatergic agonists (each tested at up to 100 PM), such as L-aspartate, L-cysteine, domoate, L-homocysteate, NMDA (either alone or in the presence of between 10 and 300 pM glycine), and quisqualate, were unable to gate the Lym-eGluR2 channels.
When dose-response data for the various ligands were normalized to the maximal glutamate response rather than to the maximal current evoked by each individual agonist (Fig. U) , it became evident that kainate, ibotenate, and AMPA elicited smaller responses than L-glutamate (data not shown). This was particularly striking for kainate. We therefore examined this effect further by comparing the responses, induced by maximally effective concen- trations of each compound, on the same oocyte. As shown in Figure 4C , kainate, ibotenate, and AMPA were observed to be less efficacious than glutamate as agonists; kainate, for example, elicited only -20% of the current evoked by L-glutamate. To determine whether the lower efficacies of kainate, ibotenate, and AMPA are the result of differences in agonist-induced desensitization, we repeated these experiments in the presence of the plant lectin Concanavalin A, which suppresses the desensitization of both vertebrate (Mayer and Vyklicky, 1989) and invertebrate (Mathers and Usherwood, 1976; Kehoe, 1978) GluRs. Under our conditions, this lectin had no significant effect on either the magnitude or the shape of the responses induced by any of the agonists (data not shown).
Antagonism of homo-oligomeric Lym-eGluR2 channels
We also examined the effects of various mammalian ionotropic GluR antagonists on Zc,". Currents induced by 1 FM L-glutamate were reversibly inhibited by the following non-NMDA receptor competitive antagonists (Fig. 5A,B) : DNQX (IC,, = 1.4 2 0.4 PM; n = 4 oocytes), CNQX (IC,, = 2.2 -C 0.7 PM; rr = 5), and CBPD = 2.5 -C 1.4 PM; rz = 5). Agonist responses were fully restored after a 10 min perfusion with frog Ringer's, The classical NMDA receptor competitive antagonist D-AP.5 also inhibited I au, albeit very weakly (Fig. .U,B) . Other phosphonic acid derivatives such as D-AP~ and D-AP4 had no effect (data not shown). PhTX-343, a synthetic derivative of the polyamine amide wasp toxin philanthotoxin, was a comparatively poor blocker of the molluscan receptor (I&,, = 45.0 -f 3.3 pM; n = 3 oocytes; Fig. 5B ). . Each curve was determined on several oocytes (for glutamate, n = 12; for kainate, n = 12; for ibotenate, n = 10; and for AMPA, n = 12). Each point represents the mean -+ SD. Note that the response to each concentration of a given agonist was normalized to the maximal response (denoted as 100%) to that ligand. B, Selected traces of responses evoked by maximally effective concentrations of various glutamatergic agonists (K&ate, 300 pM; AMPA, 300 PM; Ibotenate, 300 pM; L-glutamnte, 10 pM) on a single oocyte 6 d postinjection. Downward deflections denote inward currents and horizontal bars indicate the duration of agonist application. C, A bar graph showing the efficacies of various glutamatergic agonists. All agonists were tested at their maximally ellective concentrations on the same oocyte 5 d postinjection. In this case, all responses were normalized to the average peak current elicited by 10 FM L-glutamate; the bars represent the mean + SD of between 4 and 10 experiments. The concentrations of agonists used were: L-glutamate, 10 pM; Kainate, 300 PM;
Ibotenate, 300 pM; AMPA, 300 pM; these were applied with a 10 min interval between applications.
Localization of Lym-eGluR2 transcripts in the Lymnaea nervous system Zn situ hybridization, using a specific 45base oligonucleotide probe, was used to reveal Lym-eGluR2 transcripts within the CNS of adult Lymnaea. Hybridization-positive neurons were detected in all of the nine central ganglia (i.e., right and left cerebral ganglia, right and left parietal ganglia, right and left pedal ganglia, right and left pleural ganglia, and the visceral ganglion) and in the paired buccal ganglia. Figure 6 , A and B, shows the labeling pattern in a representative section through seven of these ganglia. Higher-power magnification of the visceral ganglion (Fig. 6C ) and the left parietal ganglion (Fig.  60) demonstrates the specificity and cytoplasmic location of the hybridization signal; note also that control hybridizations (see Materials and Methods) did not yield any signal. Detailed analysis of hybridized sections reveals that a total of 350-400 neurons per nervous system express the Lym-eGluR2 gene. The corresponding mRNA is found in heterogeneous populations of neurons, the cell bodies of which range in size between 15 and 70 km in diameter; none of these are identifiable peptidergic cells. Within each buccal ganglion, the LymeGluR2 transcript is detected in -50 cells. These include a cluster of -10 cells, most of which are large (40-70 pm in diameter), and are located dorsoposteriorly (Fig. 7) . Based on their size and position, these cells are most likely the 4-cluster motorneurons (Goldschmeding et al., 1977; Rose and Benjamin, 1979; Kemenes et al., 1991) . DISCUSSION Lym-eGluR2 is structurally related to the mammalian GluR5, GluR6, and GluR7 subunits, but has a distinct pharmacology The work described here represents the most detailed electrophysiological and pharmacological characterization of any cloned invertebrate glutamate-gated cation channel. The polypeptide that we have identified in the fresh-water snail Lymnaea clearly resembles in sequence (44-48% identity) the mammalian kainate-selective GluRS-GluR7 family of subunits. Although Lym-eGluR2 is very similar in sequence to the mammalian GluRS-GluR7 subunits, the molluscan channel exhibits some functional differences compared with homooligomeric GluR5 and GluR6 channels. For example, although all three receptors respond to kainate, the rank order of potency for Lym-eGluR2 is glutamate >> kainate > ibotenate > AMPA; that for GluR5 is domoate >> kainate >> glutamate > AMPA (Sommer et al., 1992) ; and that for GluR6 is domoate > kainate >> quisqualate > glutamate (Bettler et al., May 1, 1996, 76(9) 1992; Hollmann and Heinemann, 1994) . Note that ibotenate was not tested at GluR.5 and GluR6 receptors. Although the GluR7 subunit does not form functional homo-oligomeric channels, it does bind various GluR ligands; the rank order of potency for displacing [3H]kainate has been reported to be: domoate >> glutamate > quisqualate (Bettler et al., 1992) . Thus, there are two major pharmacological distinctions between Lym-eGluR2 and the GluRS-GluR7 polypeptides: LymeGluR2 is insensitive to domoate and quisqualate, and the EC,, for channel activation of Lym-eGluR2 receptors is -2O-fold greater for kainate (22.3 PM) than for glutamate (1.2 FM).
The lack of response of Lym-eGluR2 channels to quisqualate is consistent with electrophysiological studies on molluscs that demonstrate that this compound activates inhibitory GluRs (Bolshakov et al., 1991; Quinlan and Murphy, 1991) . Furthermore, although ibotenate has been shown to activate GluRs on molluscan neurons that mediate hyperpolarization (Roberts et al., 1982; Katz and Levitan, 1993) , this molecule also induces excitatory responses when applied to leech (Hirudo medicinaZis) (Roberts et al., 1982; Mat Jais et al., 1984) , horseshoe crab (Limulus polyphemus), and molluscan (Helix aspersa) neurons (Roberts et al., 1982) .
The Lym-eGluR2 channel is permeable to sodium and potassium ions but not to calcium ions, a feature that is characteristic of invertebrate excitatory GluRs (Jan and Jan, 1976; Kehoe, 1978; Mat Jais et al., 1984) . This is in contrast to the situation for the mammalian homo-oligomeric GluR6 receptor. When expressed in either human embryonic kidney 293 cells (Kohler et al., 1993) or Xenopus oocytes (Egebjerg and Heinemann, 1993), the GluR6 subunit yields channels that are permeable to calcium. This polypeptide exists in different forms, which arise by enzymatic modification of the corresponding mRNA (RNA editing) (Sommer et al., 1991; Kohler et al., 1993) . This results in subunits having amino-acid differences at three positions (two in TM1 and one in TM2), which affect the extent of calcium permeability. Although the Lym-eGluR2 polypeptide has a valine (V528; Fig. 1 ) and a tyrosine (Y532) in TM1 and a glutamine (Q582) in TM2 (residues that are found in a hemi-edited GluR6 subunit), we have no evidence whatsoever for editing of the molluscan RNA at any position.
Relationship of Lym-eGluFi2 to other cloned invertebrate glutamate-gated cation channels The sequences of four invertebrate GluR-like polypeptides have been described previously; three of these (DGluR-I, DGluR-II, and DNMDAR-I) derive from Drosophila and one (Lym-eGluR1, formerly called LymGluR) emanates from Lymnaea. However, we consider none of these to be capable of forming bona fide glutamate-gated cation channels. The first published Drosophila sequence, DGluR-II (Schuster et al., 1991) which displays no >33% identity to any mammalian GluR polypeptide, was reported to form homo-oligomeric channels when the corresponding cDNA was expressed in Xenopus oocytes. However, these could only be gated by L-glutamate and L-aspartate, and then only at very high concentrations (the EC,, values for channel activation were -35 and -50 mM, respectively). Subsequently, the same group (Ultsch et al., 1992) noted that artefactual (i.e., non-receptor) responses were observed when concentrations of glutamate >lO mM were applied to oocytes. Another Drosophila polypeptide, DGluR-I, which is most closely related in sequence (41-44% identity) to the mammalian AMPA-selective GluRl- GluR4 subunits, was reported (Ultsch et al., 1992) to form homo-oligomeric channels (albeit inefficiently; maximum currents were of the order of 10 nA) that could be blocked by CNQX and PhTX-343. However, surprisingly, these could be gated only by kainate; the presumptive natural ligand, glutamate, was ineffective. The two other invertebrate GluR-like polypeptides that have been described are DNMDAR-I (Ultsch et al., 1993) which exhibits greatest similarity (46% identity) to the mammalian NRl subunit, and Lym-eGluR1 (Hutton et al., 1991) which most closely resembles (43-46% identity) the mammalian AMPA-selective GluRl-GluR4 subunits. Neither DNMDAR-I nor Lym-eGluR1 form functional homooligomeric glutamate-gated channels when the corresponding in vitro-transcribed RNA is injected into Xenopus oocytes.
The polypeptide described here, Lym-eGluR2, exhibits 3.5, 32, and 27% identity to DGluR-I, DGluR-II, and DNMDAR-I, respectively; thus, it does not appear to be the species homolog of any of the Drosophila GluR polypeptides. Furthermore, it is the only invertebrate GluR protein that forms robust homooligomeric channels that can be gated by micromolar concentrations of a variety of glutamatergic agonists and blocked by several mammalian non-NMDA receptor antagonists. It therefore represents an excellent tool with which to dissect those polypeptide domains that are responsible for the functional differences between this receptor and vertebrate GluRs. It is unclear why Lym-eGluR2 readily forms glutamate-gated channels and Lym-eGluR1, DGluR-I, DGluR-II, and DNMDAR-I do not. However, it is well known that Drosophila ligand-gated ion-channel polypeptides rarely form functional homooligomers (Bertrand et al., 1994; Harvey et al., 1994b) . In contrast, of seven full-length ligand-gated ion-channel cDNAs that this laboratory has isolated from Lymnaea, four have, to date, been shown to form functional GABA or glutamate receptors (Harvey et al., 1991; Darlison et al., 1994; Darlison et al., unpublished observations; this study).
Relationship of Lym-eGluR2 to a native receptor on buccal motorneurons In situ hybridization has revealed that the Lym-eGluR2 transcript is distributed throughout the Lymnaea nervous system, being present in many cells within each of the nine central ganglia and the paired buccal ganglia; these data strongly suggest that LymeGluR2 has an important function in excitatory neurotransmission in this animal. Furthermore, in the buccal ganglia, the LymeGluR2 gene is expressed in an identifiable group of cells, namely the 4-cluster motorneurons, which are known to play a role in the feeding rhythm (Goldschmeding et al., 1977; Rose and Benjamin, 1979) . Although it is currently unclear whether Lym-eGluR2 exists as a homo-oligomer in vivo, it is evident that the corresponding gene is not frequently coexpressed with any of the other four Lymnaea GluR-like genes that we have identified to date (i.e., those encoding Lym-eGluR1, clone #2, clone #13, and clone #19; data not shown).
Recently, a GluR has been characterized on buccal motorneurons of the closely related gastropod Helisoma trivolvis (Quinlan and Murphy, 1991; Quinlan et al., 1995) . These neurons are excited by S2 interneurons of the tripartite feeding central pattern generator, which control the second phase of the bite cycle, namely the scraping of food particles from the substrate and the retraction of the radula (the first phase is the protraction of the radula to contact the food substrate, and the third phase is radular tensing to extrude the food down the esophagus). This excitation of the follower motorneurons could be mimicked by the application of either glutamate or kainate and blocked by CNQX (Quinlan and Murphy, 1991); quisqualate could not activate the excitatory GluR but could imitate the hyperpolarizing effect of glutamate on the same and other S2 follower motorneurons. Interestingly, the excitatory receptor did not show evidence of desensitization. This property might be expected to be of great importance for neurons that receive tonic input and which must rhythmically fire, such as those involved in patterned behaviors. In conclusion, the deduced location and functional properties of Lym-eGluR2 strongly suggest that it is the species homolog of (a component of) the excitatory GluR that has been identified on Helisoma buccal motorneurons (Quinlan and Murphy, 1991) .
